Macrophages harvested from the peritoneal cavities of mice of several strains were permissive to infection with murine cytomegalovirus (MCMV). Macrophages from six mouse strains released equivalent amounts of plaque-forming virus into the culture fluids and cells from three mouse strains scored similarly in numbers of infectious centres. Twenty to 5o% of the infected macrophages obtained after thioglycollate activation formed infectious centres. When studied by in situ hybridization, more than 82% of infected macrophages (with or without thioglycollate activation) contained MCMV DNA.
INTRODUCTION
Cytomegaloviruses (CMV) are frequent causes of disease (reviewed by Weller, ~97~ a, b) , particularly congenital or neonatal infections (Reynolds et al. 1973 (Reynolds et al. , 1974 and postoperative infections following either transplantation (Craighead et al. 1967) or open heart surgery (Lang et al. 1968; Caul et al. 197I ) . CMV can persist for prolonged periods in an infected host in spite of a vigorous host immune response. Identifying those cells and tissues that harbour CMV during latent and/or chronic infection, as well as understanding why the host is unable to rid itself of CMV infected cells, are important tasks in biomedical research.
Mouse cytomegalovirus (MCMV) provides a useful model for understanding this infection in humans (Brodsky & Rowe, I958; Mannini & Medearis, 1961 ; Medearis, 1964; Henson et al. ] 966; Olding et al. 1975 )-Previous experiments from our laboratory indicated that bone marrow-derived (B) lymphocytes (Olding et aL I975, 1976 ) and reproductive tissues (Dutko et al. 1978; Brautigam & Otdstone, 1978) of latently infected mice harbour MCMV.
Macrophage-rich populations have been found to harbour viruses in several infections (reviewed by Mims, I964; Allison, 1974; Silverstein, I975) . Although certain herpesviruses are known to replicate in macrophages (Johnson, i964; Tegtmeyer & Craighead, 1968; Hirsch et al. 197o; Selgrade & Osborn, 1974; Zisman et al. 197o; Gonzalez-Serva & Hsiung, 1978) , reports conflict as to the extent of MCMV replication (Tegtmeyer & Craighead, ~ 968 ; Selgrade & Oxborn, 1974)- In the studies reported here, we observed MCMV-macrophage interrelationships. Murine macrophages were permissive for infection with MCMV in vitro. Further, peritoneal macrophages obtained from adult mice that had been infected with MCMV at birth harboured MCMV genetic information.
METHODS
Mouse strains. Male and female C3H/HeJ and C57Br/cdJ mice were obtained from Jackson Laboratories, Bar Harbor, Maine. Pregnant 2-to 3-month-old C3H/St and BALB/ cSt mice were obtained from L. C. Strong Research Foundation, Del Mar, Calif. Adult C3H/St, BALB/cSt, C57BL/6 , A/St and BIo.A mice were obtained from the breeding colony at Scripps Clinic and Research Foundation. Major histocompatibility (H-2) haplotypes: C3H/St, C3H/HeJ and C57Br/cdJ mice are H-2k; BALB/cSt are H-2o; C57BL/6 are H-2~; A/St and BIo.A are H-a ~.
Virus and virus assay. MCMV was originally obtained from Dr Richard I. Carp, Department of Microbiology, New York State Institute for Research in Mental Retardation, Staten Island, N.Y. Virus stocks were maintained by passage in BALB/cSt or C3H/St mouse embryo fibroblasts (MEF) grown in Eagle's minimal essential medium (MEM) containing so% foetal calf serum, glutamine and antibiotics (growth medium). Dimethyl sulphoxide (DMSO) was added to the cell-free supernatants to a final concentration of I o/ / O before storage at -7o °C in aliquots. Virus pools typically contained 3 x I o r p.f.u, of MCMV per ml. Newborn mice were inoculated with loo p.f.u, of MCMV intraperitoneally (i.p.) within 24 h of birth and nursed by their own mothers.
In order to perform the plaque assay, plastic tissue culture plates (6o mm diam., Falcon Labware Division, Oxnard, Calif.) were seeded with I x I o 6 C3H/St MEF in 5 ml of growth medium. After incubation at 37 °C and o/ 5/o CO~ for 2 days, the confluent monolayers were infected by decanting the medium and adding I ml per plate of tenfold dilutions of virus. After incubation for I h, the inocula were decanted and 5 ml of an overlay consisting of growth medium and o'a5 % agarose was added to each plate. After incubation at 37 °C and 5 % CO2 for 5 days, the monolayers were fixed with formaldehyde and stained with crystal violet. Titres were expressed as p.f.u./ml.
Immunological studies. The presence of antibodies to MCMV in mouse sera was tested by indirect immunofluorescence, using ether-alcohol fixed, infected MEF as targets (Olding et al. 1975 .
Peritoneal exudate cells (PEC) . MCMV-infected mice and uninfected controls were sacrificed and their PEC were obtained by washing out the peritoneal cavities with a total of I o ml of growth medium containing ao units ofheparin per ml. For thioglycollate stimulation of macrophages, mice were injected with I ml of 3"8 % Brewer's modified thioglycollate (Becton, Dickinson and Co, Cockeysville, Md.) 5 days before sacrifice. Once obtained, PEC were allowed to adhere to 6o mm plastic plates for 2 h at 37 °C and 5 % CO~ in air. Non-adherent cells were removed by several vigorous washings. Adherent cells that ingested neutral red, zymosan particles or iron filings were classified as macrophages.
Co-culture assay. Co-cultures were prepared by adding 2"5 x io 5 MEF to 2'5 x Io 6 adherent PEC in 60 mm plastic plates containing 5 ml of growth medium. Cells were re-fed with growth medium at 5-day intervals. Assays were always performed in duplicate and, when cell numbers were sufficient, in triplicate.
Infectious centre (IC) assay. Peritoneal cells were incubated at 4 °C for 9o rain with MCMV at a m.o.i, of 5-The cells were centrifuge-washed three times with growth medium. Tenfold dilutions of the cells were added to 6o mm plastic tissue culture plates containing 5 ml of growth medium and incubated at 37 °C for 2 h. Non-adherent cells were removed by washing vigorously with medium. Three million freshly trypsinized MEF were added to each of the tissue culture plates which were incubated at 37 °C for 2 h. The medium was decanted and an overlay similar to that used in the plaque assay was then added. After incubation at 37 °C in 5 % CO2 for 5 days, plaques were fixed and counted. The number of cells per plate was calculated by removing and counting the cells from the lo -x dilution culture with a haemocytometer. The percentage of IC was defined as IOO × (p.f.u./plate)/(cells/plate). Controls consisted of cultures that were frozen and thawed three times immediately before the addition of MEF. This treatment decreased the IC by over 9o% and ruled out the possibility that the ICs observed were only free virus or virus reversibly bound to the outside of the cells.
Hybridization kinetics analysis. The method of preparing and purifying 3H-thymidinelabelled MCMV DNA has been published (Olding et al. I976) . Cellular DNA was extracted by digestion for 2 h with proteinase K (E.M. Laboratories, Elmsford, N.Y.) in the presence of 1% sodium dodecyl sulphate (SDS), followed by addition of urea (8 M) and phosphate buffer (0.24 M). The mixture was passed through a 2"5 cm diam., 25 cm high column, containing 6 g of hydroxylapatite (Bio-Rad Laboratories, Richmond, Calif.). DNA was eluted with o'48 M-phosphate buffer, collected, dialysed against IO -3 M-EDTA (pHS), lyophilized to a 2 ml vol. and sheared by sonication to fragments of 6 to 8S. DNA was quantified by measuring the absorbance at 26o nm. DNA extracted from pooled organs of uninfected C3H/St, BALB/cSt or C3H/HeJ mice, seronegative for MCMV, served as a control. Hybridization in solution and analysis of DNA: DNA hybrids on hydroxylapatite columns (Britten & Kohne, 1968; Kohne, J 968; Kingsbury & Lerner, 1974 ) were performed as previously described .
In situ hybridization, all-labelled RNA complementary to MCMV DNA (cRNA) was prepared using MCMV DNA, 3H-UTP and E. coli DNA-dependent RNA polymerase (Miles Laboratories, Inc., Elkhart, Indiana) as previously described (Huang et al. I973) . The specific activity of the cRNA was xo v ct/min/ug.
The in situ hybridization was performed as previously described (Huang et al. 1973 ) with a few exceptions. A l : 2 dilution of NTB-z film emulsion (Eastman Kodak Laboratories, Rochester, N.Y.) was used to coat the slides in order to perform autoradiography. In addition, after the film emulsion dried, slides were dipped in dioxane scintillation fluid (containing 1%, w/v, PPO and 0"02 %, w/v, POPOP), dried, and exposed at -70 °C for 3 days. Slides were developed in Kodak D-19 developer and dipped in dioxane to remove crystals of scintillator.
RESULTS

Ability of macrophages to support MCMV replication
Thioglycoltate stimulated PEC from three strains of mice were considered to be macrophages as they adhered to plastic tissue culture plates and over 95 o/o of these adherent cells phagocytized zymosan particles. To approx. 5 × J o5 macrophages we added MCMV at a m.o.i, of 5. The results as shown in Table I indicate that macrophage preparations from all three mouse strains tested (C3H/St, C3H/HeJ and BALB/cSt) could be infected and produced from 2o to 56 % IC. In comparison, PEC obtained from unstimulated mice and C3H/St k I'7 5I 6"5 7"3 6"8 C3H/HeJ k x'3 4z 5"3 6"4 6.2 BALB/cSt d I "5 38 5'9 6-6 6"9 C57BL/6 b 2.2 4o 5"6 6"3 6"4 A/St a < l 5"o 6-o 5"7 4'7 B~o.A a < I 4"4 6.2 6"7 6'5 * Adherent thioglycollate stimulated PEC were infected at m.o.i, of 5-The PEC were washed three times with growth medium. Supernatant samples were removed immediately (day o p.i.) and at various times after incubation at 37 °C. Supernatant infectivity was measured by plaque assay. similarly established as macrophages (> 95 %) produced only l I to 18 % IC, and thioglycollate stimulated, non-adherent cells did not produce detectable IC (< I °/o). These results indicate that a significant proportion of macrophages could produce at least 1 p.f.u, of MCMV.
We next studied the release into the culture fluids of macrophages of infectious virus. Macrophages from six strains of mice released infectious virus with titres that rose to log10 4 to 5 p.f.u./ml by 3 days (Table 2) . Peak titres of 1oglo 6 to 7 p.f.u./ml occurred by the 9th day after infection. By comparison, cultured MEF infected in a similar manner produced an equivalent peak infectivity of log10 7 p.f.u./ml but reached this peak within 3 days after infection. Thus, macrophages from numerous strains of mice are permissive to infection by MCMV and produce similar levels of p.f.u, as MEF, but in a longer time.
Numbers of macrophages permissive for MCMV replication in vitro as determined by in situ hybridization
Macrophages from thioglycollate stimulated and unstimulated C3H/St and BALB/cSt mice were infected with MCMV. After incubating for 3 days, cells were studied individually for the presence of the MCMV genome by in situ hybridization as described in Methods.
As seen in Fig. I , a large number of grains localized over infected macrophages. The results of several experiments compiled in Table 3 show that approx. 88 % of macrophages from thioglycollate-stimulated mice and 82% from unstimulated mice contained considerable numbers of grains. Since < 5 % of adherent PEC were non-phagocytic before infection, the 
Harbouring of MCM V in macrophages harvested from latently infected mice
To determine whether MCMV was harboured in macrophages from latently infected mice we first studied the ability of macrophages to release infectious MCMV when cocultured with either syngeneic or alIogeneic MEF. Table 4 records the data obtained from both thioglycollate-stimulated and from unstimulated mice latently infected with virus for varying time periods. As can be seen, infectious virus was recovered easily from most latently infected mice whose macrophages were obtained after thioglycollate stimulation. DNA hybridization kinetics analysis of total DNA extracted from the total harvested peritoneal exudate cells (adherent and non-adherent) or just adherent peritoneal exudate cells. To study latent infection we used 5-to 6-month-old mice that had been injected i.p. with Ioo p.f.u, of tissue culture-passaged MCMV within 24 h of birth. To study acute infection newborn mice were injected i.p. with Ioo p.f.u, of tissue culture passed MCMV within 24 h of birth and studied when 7 or I4 days old.
t At least one negative control and one positive control (using DNA isolated from an advanced tissue culture infection of MEFs by MCMV) were run with each experiment. Three different negative DNAs were analysed simultaneously and compared These negative controls DNAs were prepared from pooled internal organs of each mouse. The sp. act. of the 3H-labelled MCMV DNA was 5 x io ~ ct/min//xg. Reactions were carried out in o'48 M-phosphage buffer at 65 °C with cellular DNA present at a final concentration of 5 mg/ml. The ratio of cellular haploid DNA genome equivalents to 3H-MCMV DNA genomes was I z: I. Detection of 0'04 virus genomes per diploid cell genome equivalent was significant by the methods used. Reactions were carried out to a Cot of 3oooo mol. s/1 and assayed at six equidistant Cot points from o to 30ooo. After correction for self-association of the labelled MCMV DNA, numbers of virus genomes per diploid cellular genome DNA complement were calculated from the rate of reaction by comparing the experimental Cot~ with an assumed Cot~ of 3ooo for the mouse unique sequence DNA.
In I5 of 18 mice or I2 of j8 mice, virus was recovered after co-cultivation on syngeneic or allogeneic feeder layers, respectively, usually by the 3rd day of culture. MCMV could be recovered from a mouse as long as 3 o months after the initial exposure to MCMV. In marked contrast to the ease in recovering infectious virus from stimulated macrophages, it was difficult to recover virus from resident (unstimulated) macrophages and only 2 of I9 mice assayed yielded infectious MCMV. All the mice studied had circulating antibodies to MCMV. In addition, infectious virus was recovered by co-cultivation of their spleen cells on allogeneic MEF. Infectious virus was recovered no sooner than I4 days after co-cultivation from both resident macrophages and spleen cells compared to 3 days from thioglycollate stimulated rnacrophages. In a limited number of experiments with 6-month-old C3H/St mice, we first harvested resident macrophages but found no infectious virus. Seven to 14 days later, thioglycollate stimulated macrophages were harvested from the same mice and released infectious virus by the 3rd to 5th day of culture.
The ability to phagocytize zymosan particles was compared by testing macrophages harvested from nine latently infected mice, one chronically infected mouse and from ten age-and sex-matched uninfected controls (C3H/St and BALB/cSt strains). Macrophages obtained after thioglycollate stimulation were fed zymosan (25 particles per cell) and particle ingestion at 37 °C was then followed. After varying intervals, the adherent cells were washed vigorously five times with phosphate buffered saline, fixed, stained and assayed. Macrophages from latently or chronically infected and uninfected mice competently phagocytized equal numbers of zymosan particles in similar time courses of zymosan ingestion. Hence, under these conditions we found no defect in phagocytic function of macrophages harvested from persistently infected mice compared to macrophages from uninfected mice.
Quantification of the level of MCMV genome in maerophages harvested from latently infected mice
To measure the amount of virus in macrophages from latently infected mice, we performed MCMV DNA-mouse cellular DNA hybridization. PEC from 6-month-old latently infected mice were pooled and their DNA isolated. As noted in Table 5 , both thioglycollate stimulated total PEC (adherent and non-adherent) and thioglycollate stimulated macrophages contained five to seven MCMV virus genome copies per IOO cells using material from latently infected mice in four different experiments. PEC from unstimulated latently infected mice contained four virus genomes per too cells (Table 5 ). In contrast to the low levels of virus genomes found in PEC from latently infected mice, unstimulated PEC harvested from 7-and i4-day-old mice after MCMV infection at birth yielded 8oo and 36o virus genome copies per I oo cells, respectively.
DISCUSSION
We previously documented the fact that mice infected with MCMV at birth followed one of three distinct paths (Olding et al. i975, I976) . In one, mice died within 4 weeks of exposure to virus with evidence of tissue injury and MCMV in multiple cells and organs of the body. In the second group, mice survived the initial infection and their cells shed virus. These chronically infected mice comprised about 25 % of the surviving mice. The third group contained most of the surviving mice (about 75 %) and their ceils did not shed virus (latentty infected). In this latently infected group, many tissues including brain, thymus, liver and kidney, were tested by co-cultivation techniques or by MCMV DNA-mouse DNA hybridization (Olding et al. I976 ) and all were negative for virus. In addition, infectious virus was not detected in urine or serum. However, when we tested spleen cells from the mice with latent infections, MCMV could be activated by co-cultivation with allogeneic but not syngeneic feeder cells and MCMV DNA was also detected in spleen cells, salivary glands and reproductive tissues (Olding et al. I976; Oldstone et al. ~976; Dutko et aI. I978) .
The major observation in this paper is that macrophages are permissive to MCMV and can harbour virus in vivo during latent infection throughout an animal's life. By the use of three criteria, production of infectious virus, formation of infectious centres and presence of MCMV DNA, we observed that macrophages from several strains of mice were easily infected in vitro. Although the amounts of infectious virus released from macrophages and MEF were equivalent, peak release from the macrophages occurred later (days 9 to 13) than from MEF (day 3). By the criteria of adherence, phagocytosis and cell morphology, more than 95 % of cells harvested from the peritoneal cavity were macrophages. The evidence that macrophages and not other adherent non-phagocytic cells replicated MCMV was provided by in situ MCMV cRNA experiments in which over 8o % of the total cell population contained MCMV DNA. The level of sensitivity of the in situ hybridization assay is approx. zo MCMV DNA gene equivalents per cell. Hence, we are unable to determine whether the fewer than 18 % of cell scoring as negative actually contained small amounts of MCMV DNA below the test's lower limit. Other workers have found that peritoneal macrophages could readily be infected by tissue culture passaged MCMV (Mires & Gould, I978) .
It was of interest to note that a similar percentage of both resident (non-stimulated) and activated (thioglycollate treated) macrophages contained MCMV DNA by in situ hybridization. However, activated macrophages produced a significantly higher percentage of infective centres than unstimulated macrophages. These results suggest that although both resident and activated macrophages are equally susceptible to MCMV penetration and MCMV DNA replication, later stage(s) of virus replication may be blocked in resident macrophages.
The enhanced cellular activity induced by thioglycollate, perhaps either by DNA synthesis or release of a variety of enzymes, may better support production of infectious virus.
In studying the release by co-cultivation of MCMV from resident and activated macrophages from adult mice infected at birth, we noted that resident macrophages rarely released infectious virus when cultured on susceptible syngeneic or allogeneic MEF feeder layers. In contrast, infectious MCMV was easily obtained from the activated macrophages of these latently infected mice on either substrate. Thus, after MCMV infection, the virus resides for prolonged periods of time in macrophages. Upon cell activation, this virus may be released to infect neighbouring permissive cells and to induce tissue injury. If macrophages are activated by, for example, immune stimulation from graft v. host or host v. graft interactions, virus could be released with the resultant manifestations of CMV disease. In addition, a new population of macrophages may be recruited to the peritoneal cavity following thioglycollate stimulation.
Activation of macrophages is associated with initiation of DNA synthesis and enhanced cellular metabolism. Cellular DNA synthesis may be a requirement for reactivation of virus in this model. Concurrently with DNA synthesis, several enzymes are released, including acid hydrolases such as/? glucuronidase, arylsulphatase and cathepsin, as well as lysozyme, plasminogen activator, elastase and collagenase (Unanue, 1976) . One could speculate that an appropriate enzyme(s) released by the activated cells comes in contact with and cleaves precursor virus polypeptide(s) resulting in the enhanced release of infectious virus. Alternatively, a non-infectious virus released into fluids in the presence of an appropriate enzyme(s) could become infectious for surrounding cells. Experimental evidence for such a mechanism is suggested by work with paramyxovirus infection in which enzyme dependent virus mutants were isolated and conversion of attenuated to virulent virus was demonstrated with enzyme cleavage of precursor glycopeptide (Scheid & Choppin, I974). The mechanism(s) whereby MCMV replicates in activated macrophages is currently not known.
In a recent report, Chalmers et aL 0977) noted that different mouse strains varied in their susceptibilities to MCMV; i.e. mice of the H-2 a histocompatibility type were highly susceptible to MCMV while H-2 k mice were resistant. We found that the amounts of p.f.u. released in vitro from the macrophages of infected mice by virus were equivalent irrespective of these H-2 haplotypes. Our studies with in situ hybridization indicated that equal numbers of macrophages from mice having H-z k and H-2 ~ haplotypes had MCMV DNA. However, H-2 a mice formed slightly less IC than H-2 k mice. Nevertheless, acutely infected macrophages from mice of both haplotypes released similar total amounts of infectious virus. Thus, our data indicate that the strain susceptibility reported by Chalmers et al. 0977) is not based on virus replication in macrophages.
Results of MCMV DNA-mouse DNA hybridization kinetic studies were consistent with the interpretation that MCMV resides in macrophages of latently infected adult mice. Owing to the low level of MCMV found, it may not be possible to perform in situ hybridization experiments to mark the specific cells in the population containing MCMV DNA. However, the observations that macrophages from these mice were clearly infected and that such cells, first stimulated with thioglycollate in vivo, then co-cultivated on syngeneic or allogeneic targets, released infectious virus, implicated the macrophage as a cell harbouring MCMV. In earlier studies (Olding et al. 1975 , we noted that spleen cells from latently infected mice released infectious MCMV when co-cultivated on allogeneic but no syngeneic targets. Further, we found that splenic macrophages did not release MCMV when cocultured on permissive syngeneic or allogeneic feeder layers. Our inability to recover or demonstrate MCMV in splenic macrophages is similar to our present difficulty in demonstrating virus in resident peritoneal macrophages.
The recovery of MCMV from macrophages of mice older than one year but infected at birth with MCMV implicates MCMV-macrophage interrelationships as an important factor in understanding the mechanisms of viral latency as regards cells which can harbour virus for prolonged periods and the mechanisms by which virus can be released.
